We demonstrated the feasibility of fedbatch operation using Clostridium acetobutylicum suspension culture as a biocatalyst for the continuous production of hydrogen. The optimum operating pH and temperature of the current cultivation system for hydrogen production were pH 6.0 and 37°C, respectively. The volumetric loading of the bioreactor for hydrogen production can be as high as 650 mmol hydrogen/L culture with a yield at approximately 2.0 mol hydrogen/mol glucose. Acetate and butyrate made up approximately 80% of the total metabolites. The inhibitory effect from the two metabolites on the hydrogen production process was investigated. Butyrate at a concentration higher than 13 g/L significantly inhibited not only cell growth but also hydrogen production (i.e., specific hydrogen production rate). Acetate appears to be less toxic than butyrate to the hydrogen production process. While significantly inhibiting cell growth, acetate hardly affected hydrogen production. Finally, the factors limiting cultivation performance were discussed and possible strategies for enhancing the production of hydrogen were proposed.
Introduction
The depletion of fossil fuels makes the search of alternative or renewable energy sources more imperative (Dresselhaus and Thomas, 2001) . Among many types of renewable energy, hydrogen is considered to be clean energy because no carbon dioxide is produced and water is the only product as a result of its combustion. Recent technical advances in practical application successfully demonstrate the usefulness of hydrogen as an efficient energy carrier. For example, fuel cells using hydrogen have been applied to drive many electronic devices or even electric automobile (Dunn, 2002) . As an energyefficient and low-polluting fuel, hydrogen appears to be one of the most promising energy carriers for the future.
Hydrogen is produced primarily by chemical methods (e.g., steam reforming) in industry (Momirlan and Veziroglu, 1999) . However, the use of biological methods for hydrogen production has been recently receiving more attention (Das and Veziroglu, 2001; Miyake et al., 1999) . Among many types of microorganisms that can be used to produce biological hydrogen, there are two most common ones. The first is anaerobic (i.e., fermentative) bacteria, such as Clostridium acetobutylicum (Kataoka et al., 1997) , Clostridium butyricum (Kataoka et al., 1997) , Enterobacter aerogenes (Palazzi et al., 2000; Tanisho et al., 1998) , Enterobacter cloacae (Kumar and Das, 2000; ), etc; whereas the second is photosynthetic bacteria, such as Rhodobacter sphaeroides (Eroglu et al., 1999; Yigit et al., 1999) , Rhodobacter capsulatus (Ooshima et al., 1998) , etc. The anaerobic bacteria have specific metabolic pathways for degradation of carbon sources and the metabolic reactions are usually coupled with the NADH/NAD + or Fd/FdH 2 energy transferring reaction that subsequently drives hydrogen production. They are usually found in the biological sludge that has been commonly used to degrade BOD or COD and to regenerate hydrogen simultaneously in the process for wastewater treatment (Majizat et al., 1997; Ueno et al., 1996; Yigit et al., 1999) . It is impossible to completely degrade glucose to carbon dioxide and hydrogen through anaerobic fermentation. Organic acids (e.g., acetate or butyrate) or solvents (e.g., acetone or butanol) are common metabolites when carbon sources (e.g., glucose) are metabolized in an anaerobe (Figure 1) . Depending on the type of metabolite, the hydrogen yield can range from 0 to 4 mol hydrogen/mol glucose. Theoretically, the maximum hydrogen yield is 4 mol hydrogen/mol glucose when glucose is completely metabolized to acetate or acetone in the anaerobe. However, the hydrogen yield for the practical applications of anaerobic fermentation would be much lower than 4 mol hydrogen/mol glucose (usually in the range of 0-2 mol hydrogen/mol glucose) since acetate is not the only metabolite. On the other hand, the organic acids produced by anaerobe can be further metabolized to carbon dioxide in photosynthetic bacteria and hydrogen production will also be evolved in such photosynthesis Benemann, 1997) . Therefore, a twostage bioreactor system, in which carbon sources are treated with the anaerobic and photosynthetic bacteria in series, has been proposed for the effective production of hydrogen (Kataoka et al., 1997) . This potentially leads to a significant improvement in the overall hydrogen production process since the hydrogen yield for the photosynthetic reactions are relatively high.
Biohydrogen can also be produced through the use of immobilized-whole-cell biocatalysts (Fi ler et al., 1995; Yokoi et al., 1997) . However, efforts need to be made to overcome many problems that commonly occur to these biocatalysts, such as mass transfer limitation and reusability, etc. The hydrogen * To whom correspondence should be addressed. Tel: +886-4-2451-7250 ext. 3678. Fax: +886-4-2451-0890. Email: cpchou@ fcu.edu.tw. yield might not be as high as expected as a result of the above limitations. Since hydrogen is produced in a gas state that can be readily separated from the bulk phase of the bioreactor (i.e., liquid suspension of either cells or solid biocatalyst), the effect of product inhibition that usually limits the performance of suspended-cell bioreaction systems can be significantly reduced. Therefore, it would be more straightforward to use the suspension culture for combining cultivation and hydrogen production. In this study, we demonstrated the feasibility of using C. acetobutylicum suspension culture that was operated in a fedbatch mode as a biocatalyst for the production of hydrogen. This type of operation allowed us to produce hydrogen continuously without using biocatalysts prepared by immobilization technology. We also explored process optimization for enhancing hydrogen production. Environmental factors that limit hydrogen production and possible strategies for debottlenecking the hydrogen production process were proposed.
Materials and Methods
Bacterial Strains and Cultivation. Strict anaerobe C. acetobutylicum ATCC824 was used in this study. The strain was stored in the spore form at 4°C. Clostridium Growth Medium (CGMxx, medium components mo Forma, Marietta, OH), which was constantly supplied with mixed gas containing 85% nitrogen, 10% hydrogen, and 5% carbon dioxide.
Cells were revived by streaking of the stock culture on a CGM50 agar plate. The plate was incubated at 37°C
for approximately 24 h. An isolated single colony was picked to inoculate 50 mL of CGM50, which was then incubated at 37°C for approximately 18 h. The seed culture at a volume of 40 mL was used to inoculate a lab-top bioreactor (Omni-Culture, VirTis, Gardiner, NY) containing 850 mL working volume of CGM10. Before inoculation, the bioreactor was purged with pure nitrogen for at least 30 min to ensure anaerobiosis. The culture was supplemented with 10 µL/L antifoam 289 (Sigma, St. Louis, MO) to avoid excessive foaming. Unless otherwise specified, the culture pH was regulated at 6.0 ( 0.1 by adding 6% NH 4 OH using a combined pH electrode (Mettler-Toledo, Switzerland), a pH controller (PC310, Suntex, Taipei, Taiwan), and a peristaltic pump (101U/ R, Watson Marlow, Falmouth, UK). Unless otherwise specified, the bioreactor was operated at 37°C and 400 rpm. When cells grew in a batch mode to the midexponential phase, concentrated glucose at 500 g/L was fed into the bioreactor via a specified feeding profile. The gas mixture produced during cultivation was collected using the water-displacement method.
Analytical Methods
Culture samples were appropriately diluted with saline solution for measuring cell density at 600 nm (OD 600 ) using a spectrophotometer (model V-530, Jasco, Tokyo, Japan). Gas samples were analyzed using a gas chromatography (GC-14B, Shimadzu, Kyoto, Japan) with a thermal conductivity detector (TCD). The temperature of the column, packed with 5 Å molecular sieves, was 40°C when conducting analysis. The carrier gas was helium at 30 mL/min. The extracelluar medium samples were analyzed using high performance liquid chromatography (LC-10ATVP, Shimadzu, Kyoto, Japan) with a refractive index detector (RID-10A, Shimadzu, Kyoto, Japan). The temperature of the column (HyperRez XP Carbohydrate H+, Thermo Hypersil, Runcorn, Cheshire, UK) was 65°C when conducting analysis. The mobile phase was 5 mM H 2 SO 4 (pH 2.0) at 0.6 mL/min. Both TCD and RID were connected to an integrator (C-R8A, Shimadzu, Kyoto, Japan) for data processing.
Results and Discussion
Fedbatch Operation for Continuous Production of Hydrogen. Using C. acetobutylicum suspension culture as a biocatalyst, the feasibility of supplementing glucose as a carbon source in a fedbatch mode for the continuous production of hydrogen was demonstrated. Time profiles of cell density, total amount of hydrogen production, and glucose feeding rate for the fedbatch cultivation are shown in Figure 2A . When C. acetobutylicum cells grew in a batch of complex media (CGM10) to the mid-exponential phase, glucose was slowly fed into the bioreactor for initiation of hydrogen production. The cultivation course can be divided into three phases based on the specific hydrogen production rate of the C. acetobutylicum suspension culture ( Figure 2B ). The first phase covered approximately the first 10 h during which C. acetobutylicum cells actively grew. The specific hydrogen production rate remained relatively high but dropped steadily to approximately 6 mmol/h/OD 600 /L. The second phase covered approximately the next 5 h during which cell density and the specific hydrogen production rate remained unchanged. The third phase came after the second one and lasted to the end of cultivation. Cell density and the specific hydrogen production rate declined steadily, possibly because of fast deterioration in cell physiology. Although the specific hydrogen production rate of the C. acetobutylicum suspension culture varied significantly throughout the whole cultivation course, the overall or transient hydrogen yield was close to 2.0 mol hydrogen/mol glucose and was rather independent of the cultivation phase. The results suggest that the distribution of carbon flux in the glucose metabolic pathways was minimally affected by cell physiology. Time profiles for glucose depletion and metabolite concentrations are shown in Figure 2C . Acetate and butyrate were the two major metabolites. The production of the two metabolites couples the accumulation of residual NADH or FdH 2 and subsequently drives the production of hydrogen in C. acetobutylicum. Butanol was also produced, but at a small amount, and its production did not couple hydrogen production (Figure 1) . The overall volumetric loading of hydrogen production for the cultivation was as high as 650 mmol hydrogen/L culture, and the hydrogen concentration of the produced gas mixture was approximately 50%. In other words, the C. acetobutylicum suspension culture can produce room-temperature hydrogen at an amount as much as 15-fold that of the culture volume within hours. The results clearly show the feasibility of using fedbatch C. acetobutylicum suspension culture for the continuous production of hydrogen.
Effect of Environmental Conditions. The effect of culture conditions on the bioreactor performance for hydrogen production was investigated by varying bioreactor pH and temperature; the results are summarized in Figures 3 and 4 . On the basis of the results, the optimum pH and temperature for hydrogen production were 6.0 and 37°C, respectively. Although the hydrogen yield was not significantly affected (i.e., 1.90 mol hydrogen/ mol glucose), carbon flux was shifted more toward the production of butanol when cultivation was performed at pH 5.5 or below. This affected the total hydrogen production negatively as no net hydrogen would be produced as a result of butanol formation (Figure 1 ). Relatively high cell density was well-maintained during most of the cultivation course, possibly as a result of much lower concentrations of butyrate and acetate (see later discussion). Compared to the control cultivation at pH 6.0, the specific hydrogen production rate was significantly decreased (data not shown), resulting in a 30% decrease in the total amount of hydrogen production. The and pH 6.0. Time profiles of (A) total amount of hydrogen production, cell density, and glucose feeding rate, (B) specific hydrogen production rate, and (C) glucose depletion and the extracellular concentrations of various metabolites are shown. The cultivation course is divided into three phases based on the specific hydrogen production rate (see text). poor hydrogen production ability at pH 5.5 could be due to the increased formation of butanol, which destroyed the cell's ability to maintain internal pH, lowered the intracellular level of ATP, and inhibited glucose uptake (Bowles and Ellefson, 1985) . For the cultivation performed at pH 6.5 or above, not only the specific hydrogen production rate (data not shown) but also the hydrogen yield (i.e., 1.32 mol hydrogen/mol glucose) were significantly lower than those of the control experiment at pH 6.0. Though butyrate and acetate concentrations were also lower than those of the control experiment, cell physiology was not improved, and the culture tended to form cell clumps that possibly limited mass transfer and glucose uptake. The total amount of hydrogen production was only half of that for the control experiment.
When the cultivation was performed within a temperature range of 30-37°C, both the total amount of hydrogen production and the hydrogen yield were not significantly affected by temperature (Figure 4) , even though the cell growth rate and the specific hydrogen production rate increased with temperature. However, further increasing the temperature to 40°C resulted in 20% decrease in the total amount of hydrogen production. Though the cultivation performance for hydrogen production was not significantly affected by temperature for this temperature range, the optimum operating temperature was set to be 37°C since the batch cycle time for the cultivation process can be minimized without losing the hydrogen yield and productivity.
Effect of Inhibitors. An important bottleneck for the current hydrogen production process was the steady decline of the specific hydrogen production rate during the third phase. The decline was likely caused by the deterioration in cell physiology since a significant amount of cells were lysed during this period. The suspension culture finally lost most of the ability for hydrogen production even though many cells were still alive. A factor that critically affected cell physiology could be culture environment. As mentioned above, acetate and butyrate constituted the majority of metabolites in the extracellular medium. The two metabolites were speculated to be factors resulting in the deterioration in cell physiology. The effect of butyrate and acetate on the specific hydrogen production rate throughout the cultivation course for the control experiment is shown in Figure  5 . It appears that the increase in acetate and butyrate concentrations coincides with a significant and steady decrease in the specific hydrogen production rate, particularly in phase III. The two metabolites were presumed to be inhibitors for hydrogen production when present in a high concentration.
To further investigate the inhibitory effect of butyrate on hydrogen production, an extra amount of butyrate at 10 g/L was added into the culture in the beginning of the second phase, when hydrogen was actively produced and butyrate concentration was relatively low. While the hydrogen yield was relatively unchanged (i.e., 1.91 mol hydrogen/mol glucose), the total amount of hydrogen production was approximately 30% lower than that for the control experiment without butyrate supplementation ( Figure 6A ). Note that the specific hydrogen production rate of the cultivation with butyrate supplementation was significantly lower than that of the control experiment, particularly during the first and second phase ( Figure  6B ). The results suggest that butyrate could be an inhibitor for hydrogen production when present in a high concentration. In addition to the effect on the specific hydrogen production rate, butyrate supplementation also significantly affected cell growth during most of the cultivation course ( Figure 6C) . Therefore, the period of the first and second phase, during which hydrogen was actively produced, was shortened. As a result, the total Figure 4 . Effect of temperature on the production of hydrogen for anaerobic fedbatch cultivation of C. acetobutylicum. Glucose at a constant rate of 2.5 g/L was fed into the bioreactor after the first sample was taken. amount of hydrogen production was significantly reduced. This inhibitory effect was even more serious when butyrate supplementation was increased to 15 g/L (data not shown).
Another similar experiment, in which an extra amount of acetate at 4 g/L was added into the culture in the beginning of the second phase, was performed to investigate the effect of acetate on hydrogen production. Compared to the control experiment, acetate supplementation hardly affected the hydrogen yield or the specific hydrogen production rate but significantly affected cell growth, particularly in the second and third phase. This resulted in only 10% decrease in the total amount of hydrogen production. The results suggest that acetate might not directly inhibit the hydrogen production ability but will significantly inhibit cell growth when present in a high concentration.
Strategies for Enhancing Hydrogen Production. Since butyrate and acetate were the two major metabolites of the C. acetobutylicum suspension culture for hydrogen production, the total amount of hydrogen production could be estimated on the basis of the stoichiometry of the overall chemical reactions for the two metabolites in the glucose metabolic pathways ( Figure  1 ). In general, this type of estimation worked well for the current cultivation system that was performed under various culture conditions to have the total amount of hydrogen production ranging from 400 to 1100 mmol, even though the experimental values were often a little lower than the corresponding theoretical values ( Figure  7 ). It is evident that acetate or acetone would be the most preferred metabolite in this cultivation system since the hydrogen yield for the two metabolites is the highest (i.e., 4 mol hydrogen/mol glucose) when glucose is anaerobically fermented in C. acetobutylicum. On the other hand, butyrate has a lower yield of 2 mol hydrogen/mol glucose, and the production of butanol even does not couple the production of hydrogen. The distributive percentages of metabolized glucose leading to butyrate production, acetate production, and other usages (such as the production of other metabolites, biomass, or the energy consumption for cell maintenance, etc.) were approximately 60%, 20%, and 20%, respectively, for most of the cultures in this study. Therefore, the hydrogen yield was usually close to 2.0 mol hydrogen/mol glucose. Though the cultivation performance appears to be limited by deterioration in cell physiology, process improvement can be made by increasing the overall hydrogen yield since the theoretical maximum of the hydrogen yield for the anaerobic fermentation is 4 mol hydrogen/mol glucose. Figure 6 . Effect of the supplementation of acetate or butyrate on hydrogen production for anaerobic fedbatch cultivation of C. acetobutylicum at 37°C and pH 6.0. The data points in the circle represent the time points at which an extra amount of acetate (4 g/L, 9) or butyrate (10 g/L, 2) was added into the bioreactor. Time profiles of (A) the total amount of hydrogen production, (B) the specific hydrogen production rate, and (C) cell density are shown. Glucose feeding profiles were similar to those in Figure 2 . In that case, operational or metabolic engineering strategies should be developed to overproduce acetate (or acetone) and simultaneously minimize the production of other metabolites. Since, as discussed above, acetate is not as toxic as butyrate to cell physiology, the overproduction of acetate is not expected to significantly inhibit the production of hydrogen.
Conclusions
Since the search for clean energy as an alternative to fossil fuel nowadays becomes an important environmental issue, the exploration of hydrogen production using biological approaches has been receiving more attention in industry. In this study, we demonstrated the feasibility of fedbatch operation using C. acetobutylicum suspension culture as a biocatalyst for the continuous production of hydrogen. Through optimization of process parameters and development of operation strategies, the volumetric loading of the bioreactor for hydrogen production can be as high as 650 mmol hydrogen/L culture with a yield at approximately 2.0 mol hydrogen/mol glucose. In other words, the C. acetobutylicum suspension culture can produce room-temperature hydrogen at an amount as much as 15-fold that of the culture volume within hours. Acetate and butyrate made up approximately 80% of the total metabolites and other metabolites, such as ethanol, butanol, or lactate, were produced in a small amount. The inhibitory effect from the two major metabolites on the hydrogen production process was investigated. Butyrate at a high concentration significantly inhibited not only cell growth but also hydrogen production ability (i.e., specific hydrogen production rate). Acetate appears to be less toxic than butyrate to the hydrogen production process. While significantly inhibiting cell growth, acetate hardly affected hydrogen production ability. The fast accumulation of butyrate and acetate could possibly deteriorate cell physiology and finally caused the cease of hydrogen production. Both high cell density and healthy cell physiology for the culture should be maintained so that the hydrogen production (i.e., second) phase can be appropriately prolonged to enhance hydrogen production.
